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MASK CORRECTION FOR PHOTOLITHOGRAPHIC 

PROCESSES 

FIELD OF THE INVENTION 

This invention relates to electronic chip 
fabrication, and particularly to correction of masks 
used in photolithographic processes to fabricate chips. 
BACKGROUND OF THE INVENTION 

Thin film integrated circuits (ICs), 
commonly called "chips" or "IC chips", are fabricated 
by a photolithographic process by which a 
photolithographic mask is positioned adjacent a 
substrate, such as a wafer, for adding features to or 
subtracting features from the substrate. Thus, each 
mask defines a layer of material to be added to, or 
removed from, the substrate. Typically, the mask is 
used with another material, such as a photoresist, 
which is exposed by light through the photographic 
mask to define the feature being formed on the 
substrate to form the chip. The photoresist is then 
developed to define the feature, and the feature is 
then deposited onto, or etched from, a layer on the 
substrate forming the chip. 

The density of features on a chip is, in 
part, limited by the size of the photographic image 
on the mask, as well as the ability of the 
photoresist to accurately reproduce the feature 
defined by the photographic image. However, light 
waves through the mask are often distorted through 
the mask when patterning the photoresist. Moreover, 
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the photoresist itself may diffuse during the 
photolithographic process, thereby inaccurately 
reproducing the features on the mask. Hence, either 
or both light diffraction and photoresist diffusion 
5 adversely affects the resulting shapes of features on 
the substrate. 

A technique known as optical proximity 
correction (OPC) permits compensation for distortion 
due to diffraction of light waves by altering the 

10 photographic image into a shape so that it will form 
the correct shape of the feature on the substrate. 
Using OPC, the features formed on the substrate may 
be smaller and more closely packed (dense) without 
forming breaks or shorts in the circuitry. 

15 However, OPC techniques are time consuming 

and expensive, particularly for masks for fabricating 
chips with hundreds of thousands, or even millions, 
of gates. In such circumstances OPC can only be 
applied to local regions of the mask; it is not 

20 possible to apply OPC to all areas of a mask 
simultaneously. Consequently, it has been necessary 
to apply OPC techniques to multiple regions of the 
mask independently, and resolve conflicts across 
region bounds separately. Moreover, application of 

25 OPC became repetitive where the chip includes 
numerous copies of the same or similar circuit. 

Accordingly, there is a need for an 
improved technique to form shapes on a mask that, 
when light diffracts through the mask, accurately 
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reproduces the desired shape for the feature on the 
substrate. There is also a need for an improved 
technique that permits assigning local images of the 
mask to classes with other similar local images, and 
5 performing OPC on the class to derive mask correction 
for all local images of the class. There is also a 
need for a reliable technique to identify photoresist 
diffusion to correct mask boundaries. 

SUMMARY OF THE INVENTION 

10 In a first embodiment a photolithographic 

mask is designed by defining an uncorrected mask 
having at least one boundary that define a boundary 
of a feature on a substrate of the IC. A position of 
the process light intensity is identified relative to 

15 the mask boundary. The mask boundary is segmented 
into a plurality of regions, and a distance A is 
calculated normal to the boundary of each region 
between its midpoint and the position of the process 
light intensity. The mask boundary within the region 

20 is moved a distance A' based on the calculated 
distance A and whether a close connection exists 
relative to the respective region. 

In a second embodiment, a plurality of 
local images of corrected mask boundaries are defined 

25 such that each local image has a function. A 
plurality of classes of local images are defined such 
that each class has a similar function set. A local 
image to be inserted into a class is selected and its 
function is identified. The function of the selected 



local image is compared to the function set of a 
class of local images, and the selected local image 
is assigned to a class. 

In a third embodiment, the selected local 
5 image is decomposed into a set of oriented segments 
defining its function. A difference is computed 
between the selected local image function and a 
function of a local image of one of the classes. 

In a fourth embodiment, the 

10 photolithographic mask is corrected for diffusion of 
the photoactive compound of the photoresist defining 
a plurality of first pattern points along a first 
axis normal to a boundary of the mask defining the 
feature. A light intensity due to the process light 

15 intensity is identified at each process point. A 
diffusion shift of the photoresist is calculated 
based on the light intensities at each pattern point, 
and the mask boundary is shifted a distance along the 
first axis based on the diffusion shift. 

20 In one form of the fourth embodiment, a 

plurality of second pattern points are defined along 
a second axis parallel to the boundary. The 
diffusion shift is calculated by calculating first 
and second subsidiary values based on the light 

25 intensities at each first and second pattern point. 
The diffusion shift is calculated based on the first 
and second subsidiary values and a parameter of 
diffusion of the photoresist. 



# 
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In preferred embodiments, the process is 
carried out in a computer using computer readable 
program code that models the mask and light 
intensities and generates computer definitions of 
5 corrected masks for use in the photolithographic 
process. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagram of a mask feature 
useful for demonstrating a first embodiment of the 
10 present invention . 

FIG. 2 is a flow diagram illustrating the 
steps of the process of the first embodiment of the 
invention. 

FIG. 3 is a flow diagram illustrating the 
15 steps of a process of a second embodiment of the 
invention . 

FIG. 4 is a flow diagram illustrating the 
steps of a process of a third embodiment of the 
invention, which is an alternative to the second 
20 embodiment. 

FIG. 5 is a diagram of a mask feature 
useful for explaining a fourth embodiment of the 
present invention. 

FIG. 6 is a flow diagram illustrating the 
25 steps of the process of the fourth embodiment of the 
invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A first embodiment of the invention 
concerns rapid approximation of the correction of 
mask boundaries or edges by moving sections of the 
5 edge between nodes based on light intensity and 
proximity to other mask boundaries. This aspect of 
the invention is best illustrated in FIG. 1, which 
illustrates the process of moving a boundary segment 
10, and FIG. 2, which is a flow chart of the process 

10 of this aspect of the invention. 

As shown in FIG. 1, each boundary segment 
10 is divided into a plurality of regions 12 and 14. 
Each region is part of boundary segment 10 and has 
x,y coordinates at its beginning and its end nodes. 

15 Region 12 has a beginning node 16 and an end node 18 , 
and region 14 has a beginning node 18 and an end node 
20. During mask correction, each region may move in 
a direction perpendicular to the segment length to 
correct the mask geometry. 

20 At step 100 in FIG. 2, an uncorrected mask 

is defined with boundaries matching the desired 
boundaries of features to be formed on a substrate in 
a photolithographic process. However, these features 
may be distorted during the photolithographic process 

25 due to light diffraction and/or diffusion of the 
photoresist image, resulting in feature boundaries on 
the substrate that doe not match those of the 
uncorrected mask. At step 102, the light intensity 
of the photolithographic process is identified, and 
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10 



15 



20 



its first derivative is calculated at the wafer plane 
defined by boundary 10 (FIG. 1) based on the current 
mask geometry. The light intensity is in the form of 
a matrix of intensities, relative to boundary 10. A 
plot of the process light intensity is represented by 
light intensity curve 26 in FIG. 1. At step 104, the 
boundary is segmented into a plurality of regions 12 
and 14 having nodes 16, 18 and 20. The nodes selected 
for the regions are the coarsest permitted by the 
model to thereby minimize the time required for mask 
correction. Center points 22 and 24 are identified 
for each region 12 and 14. 

The light intensity between the nodes can 
be approximated by a curve of the third order to 
obtain the intensity values at the center points 22 
and 24 of each region as the sum: 



d 2 i 



I(x, y) = I(M, N) + —(M,N)-dx +—(M, N)dy + ^ (M, N)(dx) 2 + 
dx dy dx 

? 2 3 3 

-!-(M,N)(dy) 2 + — (M,N)dxdy + ^(M,N)(dxf +^-(M,N)( 

.2 ^A,, a„3 QyS 



d 2 I 



dy' 



d 3 l 



a 3 / 



— =— (M, N)dx 2 dy + — - (M, N)dxdy 2 , 
dx dy dxdy 



where 



M = 



delta X 



N = 



y 



dx=x- (delta X) -M, 



delta Y 

dy=y- (delta Y) • N, and delta X and delta Y are 
distances between nodes 16, 18 and 20 in the x and y 
directions, respectively. 

At step 106, a distance A is calculated 
between the center point 22, 24 of each region 12, 14 
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and the position of the process intensity level 
normal to the boundary (on curve 26) . The distance A 
is identified based on the approximation of curve 26. 
Next, the region is moved a distance A' normal to its 
5 length from its center point until the intensity at 
the center point reaches the process light intensity 
level (i.e., curve 26 is contiguous the center 
point) . 

At step 108, the region is considered with 

10 respect to any close connections. More particularly, 
at step 108, if design rules require that the region 
under consideration must maintain a physical 
association with another feature, such as feature 30 
(FIG. 1) , that region is identified as having a 

15 "close connection". As used herein, a "close 

connection" is a mask feature that must be maintained 
within some maximal distance of the region under 
consideration, or one that must be at least some 
minimal distance from the region under consideration. 

20 If the region does not have a close connection (that 
is, there are no other mask features that must be 
within some maximal distance of the region, or that 
must be at least some minimal distance from the 
region) , at step 110 the region is moved a distance A 

25 necessary to change, and thereby correct, the mask 
for light diffraction and/or photoresist distortion 
(i.e., A'=A). If the region has a close connection 
such that movement of the boundary at the region by 
the distance A would cause a design violation, at 
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step 112 the region is moved by an amount A'=A/(1+P), 
where P is a design constant, to maintain region 
movement within the allowed distance. 

For example, in FIG . l f A x is the distance 
5 between the center point 22 of region 12 and curve 26 
in a direction normal to boundary 10, and A 2 is the 
distance between the center point 24 of region 14 and 
curve 26. There is no mask feature of close 
connection to region 12, but mask feature 30 must be 

10 maintained within some maximal distance of region 14. 
Ai' and A 2 ' are the distances that regions 12 and 14 
will actually be moved. Since there is no constraint 
on movement of region 12, Ai'=Ai, and region 12 moves 
a distance A x to position 32. However, region 14 

15 cannot move the full distance A 2 , so region 14 moves 

A 7 ' A, 

a = — ^_ to position 34. Consequently, A, = and 

2 1+P ^ 2 1+P 

A, =Ai are the changes of the region amplitude for the 
region 14 with a close connection and for the region 
12 without a close connection, respectively. 

20 Clearly, instead of requiring the region 

under consideration to be within some maximal 
distance of the close connection, as described in 
connection with region 14 and feature 30, the 
requirement might be that a region be at least some 

25 minimal distance of the close connection. For 
example, if region 12 must be maintained within some 
minimal distance from feature 36, movement of region 
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12 to position 32 might create a design rule 
violation, in which case, the region 12 is moved 



The value of P is selected as the amount of 
5 movement adjustment for close connections. Hence, 
the mask is corrected from its initial geometry to 
its moved stepped geometry. At step 114, a 

determination is made as to whether all regions have 
been corrected, and if they have, the process ends. 

10 Otherwise, the process loops back to step 104 to 
repeat steps 104-112 until the mask is completed. 

One problem of mask correction is that OPC 
can only be applied locally. In an embodiment of the 
present invention, a large mask is divided into a set 

15 of smaller local pictures (LPs) to create classes of 
geometrically similar LPs; each consisting of a set 
of boundaries. One LP, such as a central LP (CLP) 
from each class is then corrected. 

FIG. 3 is a flow chart of a process of 

20 defining and correcting classes of LPs according to a 
second embodiment of the present invention. Each 
class K is formed around a single CLP so that each LP 
of each class K has a value R (LP, CLP) that represents 
the difference between the function of the LP and the 

25 CLP. This difference is described as a distance. 
The R (LP, CLP) of each LP of class K has a value that 
is smaller than a constant r, which is a threshold of 
functional variation permitted between the LPs of the 
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class. Hence, any differences in the functions of 
the LPs to the CLP making up the class K are smaller 
than constant r, so that the LPs and CLP of class K 
are identical, or so similar that they may be 
5 considered identical, for purposes of mask 
correction . 

At step 200 a class K is selected having a 
CLP with a known function. At step 202, a functional 
distance R is computed for the LP under consideration 
^ 10 to define R(LP,CLP) as the functional difference 

0 between the LP and the CLP of the class. Each value 

;! of R is computed by geometrically subtracting two 

6 images LP of the class and then calculating the 

n square of the difference. The value of R (LP, CLP) 

^ 15 represents the difference between the function of the 

3 LP under consideration and the CLP to which it is 

2 compared. At step 204, the value of R (LP, CLP) is 

y compared to constant r, which is the threshold 

«£, permitted for the LPs of the class. 

20 The process of step 204 is iteratively 

repeating for all LPs of the class to derive the 
solution of R(LP,CLP). At step 206, if r>R(LP,CLP) , 
the LP is inserted into the class is a potential 
class. If r<R(LP,CLP) , the process repeats for a new 
25 class K. The process ends with the LP under 

consideration being inserted into the class K where 
the value of R (LP, CLP) for the LP under consideration 
is smaller than r. 
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FIG. 4 is a flow diagram of another process 
of defining and correcting classes of LPs according 
to a third embodiment of the present invention. At 
step 250, two LPs to be compared are decomposed into 
5 a set of non-overlapping primitive geometrical 
shapes, such as triangles and rectangles. At step 
252, using such a decomposition the oriented boundary 
of each LP is decomposed into set SA (arrow 
decomposition) of oriented segments (arrows) , from 
10 which R(LP1 ,LP2) is computed as 

R(LPl,LP2)= £ Dist(A i9 SAl) + Y J Dist (^ J ,SA2). 

A t eSA2 AjeSAX 

where SAi is arrow decomposition of LPi, and Dist (A, 
SA) between an arrow A and a set SA of arrows is a 
distance from A. to the closest arrow from 

15 Dist (Beg (Al) , Beg(A2)) + Dist (End (Al ) , End(A2). The 
distance is symmetric, that is R (LP1 ,LP2) =R (LP2 ,LP1) . 

A given LP may be placed into an existing 
relevant one of a plurality of classes Ki=K(CLPi) , or 
a new class may be created with LP as a center. 

20 Instead of computing R(LP,CLPi) for all CLPs, at step 
254 a function F is defined (class invariant) , so 
that if, for all LPs of a class centered on a given 
CLP, \F(LP) -F(CLP) \> e, then R(LP,CLP) > r. Under 
these circumstances, F is easier to compute than R. 

25 Several such functions are defined lying above, 
below, to the left and/or to the right of 0. 
Examples of such functions include a plurality of 
long arrows, and a square of the part of LP. All 
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functions are weighted to ensure application of 
I F (LP) -F(CLP) | for all LPs. 

At step 256, the list of classes is scanned 
for the class of closest function set, for example by 
5 using a binary search method. At step 258, the 
functions of the located class K are compared to 
those of the LP under consideration. If the 

functions of closest found class K (having a center 
CLP) differ more than a predetermined threshold from 

10 those of investigated LP, a new class is created at 
step 260 using the investigated LP as the CLP for the 
new class. Otherwise, at step 260, the distance R is 
computed for the LP in the found class. 

In the embodiments of FIGS. 3 and 4, mask 

15 correction is performed on one member of each class, 
and is applied to all members. Correction may be 
performed upon creation of the class (such as by 
correcting the CLP upon creation of the class) , in 
which case existing corrections are applied to each 

20 new LP entering the class. Alternatively, correction 
may be applied after creating all classes, in which 
case corrections are made to one member (such as the 
CLP) and applied to all members of the class. The 
embodiment of FIG. 4 is preferred because the 

25 difference function F can be calculated more quickly 
than distance R. 

The photolithographic mask is used to 
pattern features onto a photoresist layer on the 
substrate of the IC chip being fabricated. More 
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particularly, a layer of photoresist is formed on the 
substrate. The photolithographic mask is positioned 
adjacent the photoresist layer, and the photoresist 
is exposed to light through the light-transmitting 
5 portions of the mask. The photoresist is baked, 
causing the photoresist to flow to spread so that 
rough side walls are smoothed out by diffusion. The 
photoresist is then washed to remove or dissolve 
either the exposed or unexposed regions of the 
» 10 photoresist (depending upon whether the photoresist 

M is a positive or negative photoresist) . The 

Ji completed photoresist layer forms a photoresist mask 

5 defining a pattern of features to be deposited onto, 

T§ or etched from, the IC chip under construction. 

15 During the post-exposure baking of the 

3 photoresist, molecules of the photoactive compound 

^ diffuse within the photoresist. The features of the 

^ lithographic image that were patterned into the 

photoresist are spread due to diffusion of the 
20 photoactive compound. The diffusion spreading causes 
variations in the position of the borders of the 
lithographic image, which are lines of constant 
concentration of the photoactive molecules 
corresponding to the illumination intensity level 
25 Irefr before diffusion. A fourth embodiment of the 
invention concerns correction of the diffusion 
distortions in the photoresist. 

The present invention treats each curved side 
wall of the photolithographic mask as if it were an 
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infinite series of inf initesimally small edges. The 
concentration distribution relationship of 

1 2 2 

— [l + 0(x/5 rf ^)] (where O(z) = je~ z2 dz is the error integral 

2 o 

function, and S d if is the diffusion spreading 
5 parameter) can be applied to each edge and the result 
summed to approximate the actual curve. The position 
of each edge of the photolithographic mask is 
corrected by shifting the edge by a distance equal to 
the amount of the diffusion shift of the photoresist 

10 in a direction opposite the direction of diffusion 
shift. The amount of the diffusion shift 5x is 
determined as a function of the initial distribution 
of the light intensity given at several points at 
standard positions in the vicinity of the center of 

15 segment under correction. This embodiment is best 
illustrated in FIG. 5 and described in the process 
flow chart of FIG. 6. 

The distance of the diffusion shift of the 
photoresist is calculated for each mask boundary 

20 using a plurality of pattern points along the 
boundary of the mask. FIG. 5 illustrates a mask 
boundary 300 having an x-axis normal to the boundary 
with the positive direction of the axis extending 
into the feature. A y-axis extends parallel to the 

25 boundary. A plurality of pattern points 302... 312 are 
equally spaced a distance d x aldng the x-axis and a 
plurality of pattern points 314... 324 are equally 
spaced a distance d y along the y-axis. The x- and y- 
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axes intersect adjacent the center 326 of boundary 

300 a distance of d x /2 from the boundary. 

At step 350, the x and y pattern points 

302... 312 and 314... 324 are selected. At step 352, 

5 subsidiary values are calculated for z y and T] as 

2 2 D 

z y= I and rj = fx(z y ) -I, where f x = ' and 

f 2 = — . Ibgy is calculated as a positive root of 

C 3 ~ hgy 

square equation a y l\ & ~b y I bgy + c y =0 , where a y =Di+D 3 -2D 2 , 

b y =Di (C 2 +C 3 ) +D 3 (C1+C2) -2D 2 (C1+C3) and c y =DiC 2 C 3 +D 3 CiC 2 - 
10 2D 2 CiC 3 . 

The values Ci, C2, C 3 and Di, D2, D 3 are 
represented in terms of intensity samplings at 

9 1 

pattern points 314... 324, as C x = — {A 2 +A x ) (A 3 +A 0 ), 

16 16 

C 2 = ^ (A 3 + A 2 ) - ± (A 4 + A x ) and C 3 = ^ K + ^ ) - ^ + ^ 2 ); 

15 and D X =^(A 2 -A x )-±(A 3 -A 0 ) f D 2 ^{A 3 - A 2 ) - ^{A, ~ A x ) and 
9 1 

D 3 = —(A 4 - A 3 ) - — (A 5 - A 2 ) , where A 0 . . .A 5 are the light 

intensity values of the lithographic process at 
pattern points 314... 324. 

It will be appreciated that each of the 
20 values Ci, C 2 , C 3 is a weighted average of the light 
intensities due to the process light intensity at 
each of pattern points 314... 324. For example, the 
value Ci is l/8th greater than the average intensity 
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between points 316 and 318 minus l/8th the intensity 
between points 314 and 320. Each of the values Di, 
D2/ D 3 is a weighted difference of the light intensity 
due to the process light intensity at each of pattern 
5 points 314... 324. For example, the value of Di is 
l/8th the difference in intensities over a distance d y 
between points 316 and 318 minus l/24th the 
difference in intensities over a distance 3d y between 
points 314 and 320. 

10 At step 354, a second set of subsidiary 

values are calculated for zf J? as z x = 



^ u -f^(z^Y and is the positive root of square 

G 

equation a x (I%) 2 -b x I% + c x = 0 , where g, = 1 , 



G-, 

g 2 = *—?r and a x =G, + G 3 -2G 2 , 



'3 



15 b x =G l (F 2 +F 3 ) + G 3 (F l +F 2 )-2G 2 (F l +F 3 ) and 
c x =G x F 2 F 3 +G 3 F x F 2 -2G 2 F x F 3 . 

The values Fi,F 2 ,F 3 are weighted averages, 
and 61,62,63 are weighted differences, of intensity 
samplings B0...B5 (FIG. 5) at pattern points 

20 302... 312, as F x = -^(B 2 + B x ) - ^(B 3 + B 0 ) , 

F2=^7(B 3 +B 2 )-^-(B 4 +B l ) and F 3 =^-(B 4 +B 3 )-±B 5 +B 2 ); and 
16 16 16 16 
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! f(*2-*i)~tfj-*o)r G 2 = 9 -{B,-B 2 )-^{B,-B X ) and 
:^(B 4 -B 3 )-±(B 5 -B 2 ). 



Alternative values are calculated for and 



are calculated as t E =- — — and zf = J- — — , where 

\-L \ I 0 

:ln(Gj/G 2 ), Z 1 =ln(G 2 /G 3 ) and L = Z 0 /V 



At step 356, the shift due to diffusion 8x 
calculated based on the resulting values of z° x and 
as 

a) if d y z y >3S dif and d x z G x >3S dif (case CE) , 



Sx = d x z x (r x -\)<5>(2IR, -1) ; 



b) if d y z y >3S dif and d z z G x <3S dif (case CG) , 



<5k: = d x z r yjL * 



i-i&i-i 



Z* 



c) if d y z y <3S dif and d x z G >3S dif (case GE) , 



& = d x z x \r x <t>{2rJR l -\)-Q>(2l R, -1)] ; 
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d) if d y z y <2>S dif and d x z G x <3S dif , (case GG) , 



Sx = d I Z r y[Z* 



X V L* 



In the above equations O(z) is the inverse 



error integral function, R, = 



hef ~ hg 



L* = \n(Rj), 



5 ^ = J 1+ ^) 2 ' r y = l x+ ^r- ) > 2 and the amounts 

V d x Z x V ^ 

are different, depending on the case 



a) for case CE, I =4nz F, 



,exp 



\ 2z xJ 



h g =^-\l m J\ + <S>{-^-)], z x =z E x and 4 = $ E ; 



b) for case CG, 7 max =(F } -I bg )exp 
10 z,=z? and /*=/£; 



c) for 



case 



GE, 



'max =f««/GXp[(-2-) 2 ] f 



4« = V**,/^ exp 



, h g =F x --I mid [\^{-^-)] r z x =z- 

2 2z„ x 



and £ + £ ; 
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d) for case GG, / max = (F, -/ ig )exp[(-^-) 2 +(-^-) 2 ] , 
Z = t G , z x =z G and I bg =I%. 

At step 338, the mask edge 300 is shifted 
by the calculated value 5x. 

In preferred embodiments, the invention is 
carried out by a computer operating under the control 
of computer readable program code that models the 
mask based on computer generated layouts of the chip 
and models the light intensities based on the light 
intensity of the process. The program code causes 
the computer execute on data associated with the mask 
and light intensity models to select pattern points 
and segment the mask boundaries to perform the 
computations of the various steps of the processes, 
and to compute moved positions of mask boundaries. 
As a result, electronic versions of corrected masks 
are generated for use in the lithographic process. 

The present invention provides a variety of 
techniques for correcting photolithographic masks to 
20 adjust for diffraction of light, diffusion of the 
photoresist, and to classify local pictures of the 
mask into classes for quicker and easier mask 
correction. The techniques are effective and may be 
used to approximate mask corrections for 
25 photolithographic processes. 




Although the present invention has been 
described with reference to preferred embodiments, 
workers skilled in the art will recognize that 
changes may be made in form and detail without 
departing from the spirit and scope of the invention. 



